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TRANSPORT PROPERTIES OF DILUTE GAS MIXTURES* 

by Richard S. Brokaw, Roger A. Svehla, 
and Charles E. Baker 

Lewis Research Center 

SUMMARY 

Experimental diffusion coefficients, mixture viscosities, and mixture 
thermal conductivities for the binary systems helium-argon, helium-hydrogen, 
hydrogen-nitrogen, argon-ammonia, and hydrogen-ammonia have been analyzed to 
obtain insight as to the concordance between theory and experiment. The anal- 
ysis suggested the following conclusions: (1) the diffusion coefficients and 
viscosities of gas mixtures of polyatomic and polar species are well described 
by the Chapman-Enskog theory, (2) the Chapman-Enskog theory for the thermal 
conductivity of monatomic gas mixtures seems to be valid, (3) approximate 
methods that take account of the contribution of the internal energy flux in 
mixtures involving polyatomic and polar gases seem promising, and (4) only new 
experimental data of high accuracy and precision will further testing and 
understanding of theory. The greatest need is for thermal conductivity data. 

INTRODUCTION 

There is a wealth of experimental data on the transport properties of gas 
mixtures, diffusion coefficients, mixture viscosities, and thermal conductiv- 
ities, as well as results on thermal diffusion. Rather than attempting some 
sort of statistical assessment of all this information, a few simple systems 
that typify interactions among various types of molecules - monatomic and poly- 
atomic, nonpolar and polar - are examined in the hope of obtaining some insight 
as to the concordance between theory (rigorous or approximate) and experiment 
(painstaking or perfunctory). 

To this end, five binary gas systems are considered near room temperature, 
since precise data are most easily obtained here, 
there are data on the three most important transport properties: binary dif- 
fusion coefficient, mixture viscosity, and mixture thermal conductivity, 
Thermal diffusion data are also available for some of these mixtures, but no 
analysis o r  detailed consideration is given here. 

For the systems chosen, 
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Systems have been selected to avoid undue complexityj t e rnary  or m u l t i -  
component mixtures a r e  not examined, s ince t h e  behavior of these systems should 
be understandable i n  terms of t h e  behavior of b inary  systems, 
tems involving in t e rac t ing  p a i r s  of complex polyatomic (and possibly polar )  
molecules have been avoided, 

Similarly,  sys- 

I n  general, it is  expected t h a t  the  rigorous Chapman-Enskog theory f o r  
monatomic gases should serve r a the r  well  i n  describing t h e  d i f f u s i v i t y  and 
viscous propert ies  of polyatomic gases, I n  t h e  case of t h e  thermal conduc- 
t i v i t y ,  however, a d i f fus ive  f lux  of i n t e r n a l  energy ( ro ta t ion ,  vibrat ion,  
e tc , )  can make a subs t an t i a l  contr ibut ion t o  the  hea t  f l u x  and must be con- 
sidered. T o  t h i s  end, t h e  recent  approximate theory of Mason and Monchick 
(ref .  1) f o r  the  heat  conductivity of polyatomic and polar gases i s  invoked and 
extended ( i n  an approximate fashion) t o  gas mixtures, 
lowing mixtures have been examined, 

Specif ical ly ,  t he  f o l -  

(1) Helium-argon. Since t h i s  i s  a mixture of monatomic gases that obey a 
spher ica l ly  symmetric intermolecular force l a w ,  t he  rigorous Chapman-Enskog 
treatment i s  expected t o  be f u l l y  applicable. 

( 2 )  Helium-hydrogen, This i s  a mixture of a monatomic gas with a diatomic 
molecule whose only i n t e r n a l  energy i s  ro ta t iona l .  The t r ans fe r  of energy be- 
tween t r a n s l a t i o n  and ro t a t ion  i s  slow f o r  hydrogen and requires  severa l  
hundred co l l i s ions ,  Thus, it should be possible  t o  t r e a t  t h e  t ranspor t  of 
t r a n s l a t i o n a l  and i n t e r n a l  energies separately,  

(3) Hydrogen-nitrogen, 
r o t a t i o n a l  i n t e r n a l  energy only, 
however, t h e  t rans la t ion- ro ta t ion  re laxa t ion  i n  ni t rogen must be considered. 

This i s  a mixture of diatomic gases t h a t  possess 
I n  examining the  thermal conductivity, 

( 4 )  Argon-ammonia. This mixture involves t h e  in te rac t ion  of a monatomic 
gas with a gas possessing an appreciable dipole  moment, 

(5) Hydrogen-ammonia, This mixture involves a polar molecule and a 
diatomic molecule, 

I n  general, t he  emphasis here i s  on mixture properties;  hence, t he  formu- 
las a re  adjusted t o  give per fec t  predict ions as  t o  t h e  propert ies  of t h e  pure 
components. To t h i s  end, experimental thermal conduct ivi t ies  were corrected t o  
be i n  accord with theory f o r  t h e  pure gases fop those substances where t h e  
theory seems sound and near ly  rigorous - helium, argon, and hydrogen. Experi- 
mental conduct ivi t ies  of nitrogen and ammonia have been assumed correct ,  and a 
r o t a t i o n a l  re laxa t ion  time has been assigned t o  make t h e  experimental thermal 
conductivity of nitrogen or ammonia correspond t o  t h e  theory of Mason and 
Monchick ( r e f ,  1). 

THEORETICAL CONSIDERATIONS 

I n  general, the  t ranspor t  propert ies  of d i l u t e  gas mixtures involve terms 
cha rac t e r i s t i c  of t h e  in t e rac t ion  of t h e  pure components with themselves and 
a l s o  a l l  possible  pairwise in t e rac t ions  between unlike species.  The s e l f -  
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in te rac t ions  give r i s e  t o  t h e  propert ies  of  t h e  pure species - not t h e  subject  
of this report ,  

Diffusion Coefficient 

The parameter t h a t  most d i r e c t l y  character izes  the  unlike in te rac t ions  i s  
t h e  d i f fus ion  coeff ic ient ,  Data have been analyzed i n  terms of t h e  first 
Chapman-mskog approximation (ref. 2, eq. 8.2 - 44) i n  most cases corrected by 
an average of t h e  Kihara second approximations ( re f ,  3) calculated f o r  t h e  ex- 
tremes of composition, 

Mixture Viscosity 

A n  analysis of mixture v i scos i ty  has been made i n  terms of t h e  f i r s t  
Chapman-Enskog approximation (ref .  2, eqs, 8.2 - 22). 
t h e  quant i ty  
rec ted  according t o  the  t h i r d  Chapman-Enskog approximation f o r  pure gases. 

I n  most cases, however, 
q12 (ref. 2, eqs, 8.2 - 21) ,  derived from di f fus ion  has been cor- 

7- 

Mixture Thermal Conductivity 

For monatomic gas mixtures, mixture thermal conduct ivi t ies  have been ob- 
t a ined  from t h e  expression of reference 4, This expression was  a l s o  used t o  
compute t h e  t r a n s l a t i o n a l  energy contr ibut ion t o  t h e  conductivity f o r  t h e  other 
mixtures, b u t  with an appropriate correction, as discussed subsequently, The 
i n t e r n a l  e n e r a  f o r  mixtures has been computed according t o  Hirschfelder’s  
Eucken type approximation f o r  mixtures ( r e f ,  5), again with an appropriate cor- 
rection. The use of t h e  equation of reference 4 f o r  t h e  t r a n s l a t i o n a l  thermal 
conductivity with Hirschfelder’s  equation f o r  t h e  i n t e r n a l  thermal conductivity 
i s  j u s t i f i e d  i f  it i s  assumed t h a t  i n e l a s t i c  co l l i s ions  a re  rare. This assump- 
t i o n  i s  necessary i n  order t h a t  t h e  t r a n s l a t i o n a l  d i s t r ibu t ion  function should 
not  be unduly perturbed, s o  that  t h e  t r a n s l a t i o n a l  conductivity i s  r e l a t e d  t o  
t h e  v i scos i ty  or di f fus ion  coef f ic ien ts  as i n  t h e  case of t h e  noble gases, It 
seems t h a t  t h i s  assumption i s  j u s t i f i e d  except i n  the  case of ro ta t ion-  . 
t r a n s l a t i o n  interchange, which occurs every few co l l i s ions  ( L e , ,  2 t o  20)- 

Approximate expressions have been derived for t h e  thermal conductivity of 
pure polyatomic gases tak ing  account of i n e l a s t i c  co l l i s ions  (ref.  1). It has 
been shown t h a t  the t r a n s l a t i o n a l  conductivity i s  l e s s  than t h a t  of a monatomic 
gas : 

where Grot and Cv,trans a r e  t h e  r o t a t i o n a l  and translati .ona1 portions of 
t h e  heat capacity, while Z i s  t h e  c o l l i s i o n  number f o r  r o t a t i o n a l  relaxation. 

On the other  hand, t h e  i n t e r n a l  energy contr ibut ion t o  t h e  conductivity i s  
enhanced : 
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where 
ductivity. 
Consequently an extension t o  b inary  mixtures i s  used, which i s  a r r ived  a t  in-  
t u i t i v e l y  as follows: 

hint,m i s  t h e  modified Eucken expression f o r  t h e  i n t e r n a l  thermal con- 
A s  yet ,  no comparable theory f o r  mixtures has been published, 

Assume t h a t  t h e  mixture conductivity may be written 

where M1 and % are t h e  deviations a t t r i b u t a b l e  t o  t h e  separate  com- 
ponents, 
gas mixture i s  

An approximate formula (ref. 6) for t h e  conductivity of a monatomic 

h2, mon 
X l  

' ' _  + N AI, mon - 
hmix, mon - Xr, 

where Ai,mon and A2,mon are t h e  conduct ivi t ies  of t h e  pure components, x1 
and x2 a r e  mole f r ac t ions )  and qlZ and 4rZl a r e  functions of t h e  molecular 
weights and cross sect ions (ref .  6 ) .  Hirschfelder 's  formula f o r  the i n t e r n a l  
thermal conductivity i s  of t he  same form as equation (4), but  with Aint,ME i n  
place of the  hOn, and q i j  replaced by D i / D i j  ( D i  i s  the  se l f -d i f fus ion  
coef f ic ien t ,  and D i j  i s  t h e  b inary  diffusion coef f ic ien t  between components 
i and j ) .  

It i s  assumed here tha t ,  i n  a mixture, t h e  terms Z z l  may be replaced by 

Zi,mix -1 = xizi -1 + xjzij -1 (5) 

Hence, from equations (l), (2) ,  (4), ( 5 ) ,  and Hirschfelder 's  i n t e r n a l  conduc- 
t i v i t y  formula, it can be infer red  t h a t  

The formula for ~ 9 2  
1 and 2. 
involving ni t rogen and ammonia, 

i s  obtained from equation ( 6 )  by interchanging subscr ipts  
Thus, equations (3)  and ( 6 )  were used i n  analyzing data on mixtures 

A s  mentioned i n  t h e  INTRODUClTON, mixture conduct ivi t ies  were corrected so 
as t o  match t h e o r e t i c a l  values f o r  helium, argon, and hydrogen. 
thermal-conductivity c e l l s  measure, i n  essence, the rec iproca l  of t h e  conduc- 
tivity, Thus, i f  hl" and ?$ are t h e  experimentally reported conduct ivi t ies  

of t he  pure components and 

Hot-wire 

A&x i s  t h e  experimental mixture value, while 
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A1 and A2 a r e  t h e  t h e o r e t i c a l  conduct ivi t ies  of t he  pure components, t h e  
corrected m i x t u r e  conductivlty Amix i s  

RESULTS AND DISCUSSION 

Helium-Argon System 

Diffusion coef f ic ien ts  f o r  t he  helium-argon system were calculated by as- 
suming t h e  exponential-6 po ten t i a l  with t h e  force constants 
angstroms a = 13.21, and E/k  = 33.4O K, The values f o r  a and E / k  a re  
taken from reference 3, while 
reference 7 a t  25O C and 1 atmosphere. 
ment a r e  shown i n  the  following tab le :  

rm = 3.505 

r, w a s  adjusted t o  f i t  t h e  experimental da ta  of 
Comparison between theory and experi- 

Helium 
rmle 

fraction 

1.0 (trace 
helium) 

1.0 (trace 
argon) 

Diffusion coefficient, 
cm2/sec 

Experi- 
mental 

0.754 

.725 

Calcu- 
lated 

0.750 

.729 

~ 

Ratio of second 
Kihara approxima. 
tion to first 
Chapman-Enskog 
approx'm tion, id 

f D 

1.0284 

1.0001 

The f a c t o r  
of t he  second Kihara approxima- 
t i o n  t o  t h e  f i r s t  Chapman- 
Enskog approximation. O f  
course, t h e  agreement between 
experiment and theory i s  not  
surpr is ing,  s ince rm w a s  
chosen t o  obtain a good f i t .  
The experimentally observed 
va r i a t ion  of diffusion coef- 
f i c i e n t  with concentration i s  
somewhat l a rge r  than t h a t  pre- 

f ( 2 )  i s  t h e  r a t i o  D 

dicted theore t ica l ly ,  bu t  it i s  not c l ea r  i f  this  i s  a r e a l  e f f e c t  or merely 
experimental e r ror ,  

Viscos i t ies  f o r  helium-argon mixtures were calculated again by assuming 
t h e  exponential-6 po ten t i a l  wlth force  constants as follows: 

I Mixture 

Helium- 
helium 

Argon-argon 
Helium-argon 

(combining 
rules) 

Helium-argon 
(diffusion 

Exponential-6 force constant: 
t I 

I ! -  

9.16 
3-109 I 12.4 1 
3.858 
3.471 

123.2 
13.21 

3.494 113.21 1 33.4 

Again t h e  force constants a and 
are from reference 33 for pure E/k 

helium and argon, rm 
t o  f i t  t h e  recent, precise  v i scos i ty  
determinations of reference 8, Two 
values of r m  f o r  t h e  unlike interac-  
t i o n  have been t e s t e d  - t h e  f i r s t  from 
the empirical  combining r u l e s  of refer- 
ence 3, and t h e  second obtained from 
t h e  .experimental d i f fus ion  coef f ic ien ts  
as follows: 

has been chosen 
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(a) v T 7  from combining rules. 

.5 .4 .7 .8 .9 1.0 
,..v.w fraction of he l ium 

(b) v12 from diffusion. 

Figure 1. - Deviation of theoretical from experimental viscosities for helium-argon 
mixtures. 

0 . I  . 2  . 3  .4  . 5  . 6  
Mole fraction of hel ium 

. l  . 8  . 9  

Figure 2. - Deviation of experimental from theoretical thermal conductivities for 
helium-argon mixtures. X12 from diffusion. 

where f (3)  i s  t h e  cor- 

r ec t ion  f o r  t h e  t h i r d  
approximation f o r  t h e  
v i s c o s i t y  of a pure gas 
( i n  th i s  case, 1,0062). 
This procedure lacks 
elegance but  i s  probably 
a correct ion i n  t h e  
r i g h t  direct ion,  Theory 
and experiment a r e  com- 
pared i n  f igu re  1, 
Although t h e  ca lcu la t ions  
based on t h e  combining 
r u l e  a re  fa i r  - t h e  worst 
deviat ion being only 
0.7 percent - t h e  force 
constants derived from 
di f fus ion  a re  c l e a r l y  t o  
be preferred. Thus, t h e  
agreement between t h e  
d i f fus ion  and v i scos i ty  
data i s  encouraging and 
seems t o  confirm fu l ly  
t h e  rigorous Chapman- 
Enskog theory. I n  f a c t ,  
t h e  v i s c o s i t y  data  are 
apparently of a q u a l i t y  
that  j u s t i f i e s  a proper 
ca lcu la t ion  of t h e  
second approximation. 

‘I 

Thermal conductiv- 
i t i e s  have been computed 
by using t h e  force con- 
s t a n t s  (rm = 3,494 A 
t h e  He-Ar in t e rac t ion )  j 
deviations of experiment 
( r e f s ,  9 t o  12) from 
theory a re  shown i n  f ig-  
ure  2, Clearly t h e  
devlations a re  much more 
ser ious,  amounting t o  
L5 percent i n  t h e  b e s t  
case (ref. lo), with 
errors approaching 
10 percent a t  worst 
(ref, 9). I n  an ove ra l l  

f o r  
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sense, the  e r ro r s  seem random ra the r  than systematic, and the re  seems no cause 
f o r  questioning t h e  rigorous theory, 
more reliable than the  experimental values f o r  this system, 

The computed conduct ivi t ies  a r e  perhaps 

J r m ,  A 1 
3.226 13.22 

3.278 13 .22  

Helium-helium 3.100 12 .4  
Hydrogen-hydrogen 3.337 14 .0  
Helium-hydrogen 
(combining rules) 

Helium-hydrogen 
(diffusion) 

D a t a  on thermal d i f fus ion  i n  helium-argon mixtures has been analyzed i n  
reference 4; agreement between theory and experiment seems sa t i s fac tory ,  

% adjusted t o  reproduce reasonably 

37.3  and 15) for these gases, and rm 
18.27  for t h e  helium-hydrogen in t e rac t ion  
18.27 adjusted according t o  equation (8) 

f o r  f (3)  = 1.0063. Theoretical  

t h e  experimental da ta  (refs.  1 4  

Helium-Wrogen System 

Diffusion coef f ic ien ts  have been measured i n  reference 13 w i t h  w h a t  ap- 
pears to be good precis ion and accuracy. Here they  have been calculated by 

Range of 
helium 
mole 

fraction 

3 (trace helium 
3 to 1.00 
3.1490 to 1.000 
0.4537 to 1.000 
1.00 (trace 
hydrogen) 

Diffusion coefficient, 
cm2/sec 

Exper i - 
mental 

----- 
1.549 
1.550 
1 .572  
__--- 

compositions embrace a range of 
ful. 

assuming t h e  exponential-6 
p o t e n t i a l  with force  constants 
rm = 3.289 €Ul@trOIIlS, 
a = 13.22, and ~ / k  = 18.27O K 
(a and E / k  from ref, 3), 
with rm adjusted t o  bracket  
t h e  da ta  of reference 13 a t  
25' C and 1 atmosphere shown 
a t  t h e  l eF t .  Again, t h e  ex- 1 .0021  

------ perimental var ia t ion  of d i f -  
__-__-  fusion coef f ic ien t  with compo- 

s i t i o n  seems somewhat l a rge r  
than t h e  theore t ica l ,  but,  i n  
t h i s  case, t h e  experimental 

Chapman-Enskog 
approximation 

__-__-  

1.0131 

values, s o  t h a t  t h e  comparison i s  l e s s  meaning- 

Viscos i t ies  and thermal conduct ivi t ies  f o r  helium-hydrogen were calculated 
by  assuming force constants as follows: 
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to favor the force con- 
stants from the empirical 
combining rules over un- 
like interaction force 
constants determined from 
diffusion coefficients or 
mixture viscosities, (It 
might be noted that these 
experimental data are in 
even closer accord with 
the theoretical analysis 
accompanying the data. ) 

However, from re- 
search on thermal- 
conductivity detectors 

Mole fraction of hydrogen used for gas chromato- 

_ _  
a../ 

/ 

K-/ 
, 

n ** 
2 

(b) q12 from diffusion. 

Figure 3. - Deviation of experimental from theoretical viscosities for hydrogen-helium 

graphy it is well known 
that small amounts of 
hydrogen decrease the 
thermal conductivity of 

mixtures. 

Hydrogen-Nitrogen System 
~~ 

. Diffusion coeffi- 
cients have been measured 

--. 
-0' ,,'pi=-Yr-- . 4 

8 



a = 15.56 and Comparison of 
hydrogen-nitrogen diffusion coefficients at 1 atmosphere are shown in the fol- 
lowing table : 

E / k  = 58.97O K (calculated according to ref. 3). 

Exponential-6 force 
con st ants 

E/kJ % 'mJ A a 

3.337 14.0 37.3 
4.011 17.0 101.2 
3.690 15.56 58.97 

3.675 15.56 58.97 

Hydrogen-nitrogen diffusion coefficients, em2/,,( 

sion data again seems satisfactory. 

Thermal conductivities have been 
computed from equations (3) and (6) 
with Z = = 00 and 

Z N ~  = %2-H2 = 7.2. 
ment (ref. 20) are compared in fig- 
ure 5(b). Also shown, as a dash-dot 
curve is the modified Eucken type ap- 
pr oximati on corresponding to 

H2 'HZ-NZ 
Theory and experi- 

Temperature, OC 

25 
55 
85 

Calculated. a 

bExperimental. 

Hydrogen mole fraction 

0 

~~ 

(a) 

0.7842 
.9232 
1.071 
1.03220 

~ 

0 to 1 
(b 1 
0.7835 
.9079 
1.052 
------ 

1 
(a) 

0.7598 
.8944 
1.037 
1.00006 

The correction for the sec- 
ond approximation was calculated 
at 55O C and then applied at the 
other temperatures as well; how- 
ever; this factor varies only 
very slightly with temperature. 

Viscosities and thermal con- 
ductivities for hydrogen-nitrogen 
mixtures were calculated from the 
force constants in the following 
table. A l l  values were taken 
from reference 3 except for 
from diffusion, again adjusted ac- 
cording to equation (8) with 
r(3) = 1.0063. 

rm 

In figure 5(a), 
rl 

experimental viscosities from references 14 and 19 are compared with theo- 
retical values calculated by using rm,H2-N2 from diffusion. (Values from 
combining rules were only slightly different and hence are not shown.) The 

Mixture 

Hydrogen-hydrogen 
Nitrogen-nitrogen 
Hydrogen-nitrogen 

(combining 
r d e  s ) 

(diffusion) 
Hydrogen-nitrogen 

~ 

experiment cannot be rationalized by the choice of larger collision numbers. 
Once again better experimental conductivity data would be most welcome. 

Argon-Ammonia System 

Diffusion coefficients for this system have recently been determined 
(ref. 21). In reference 21 experimental data were fitted to the Lennard-Jones 
12-6 potential with cr = 3.286 angstroms and E / k  = 224.65' K. These values 
agree quite closely with estimates based on empirical combining rules for 
viscosity force constants of the pure components (0 = 3 . 2 7 1 A  and 
c/k = 221' K). 
(ref. 22). 

Viscosities of argon-ammonia mixtures have also been measured 
These data are analyzed here by choosing viscosities of pure 
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-1 0 -"- Temperature, 
OC ' 19 Ref. 1 4 T  1 --+-- 19 Ref. 19 I I 

(a) Viscosity. 

0 . I  . 2  . 3  . 4  . 5  . 6  . 7  . 8  . 9  1.0 
Mole fraction of hydrogen 

(b) Thermal conductivity (25.3' C). 

Figure 5. - Deviation of experimental from theoretical viscosities and thermal conduc- 
tivities for hydrogen-nitrogen mixtures (qI2 DI2, h12 from diffusion). 

T 

J J J 1 
(a) 717 from diffusion. 

Mole fraction of ammonia 

(b) qI2 fitted. 

Figure 6. - Deviation of experimental from theoretical viscosities for ammonia-argon 
mixtures. 

ammonia and argon and 
ca lcu la t ing  t h e  param- 
e t e r s  character iz ing t h e  
unlike in t e rac t ion  from 
t h e  force  constants de- 
r ived  from d i f fus ion j  
t h e  results are shown i n  
figure 6, Clearly, 
t he re  i s  a ser ious d is -  
crepancy, with experi- 
mental v i s c o s i t i e s  as 
much as  7 percent l a rge r  
than theory, It i s  pos- 
s i b l e  t o  obtain agree- 
ment by a r b i t r a r i l y  
taking d = 3.072 
angstroms f o r  t h e  unlike 
in te rac t ion ,  This i s  
equivalent t o  assuming 
t h a t  t he  measured d i f -  
fusion coef f ic ien ts  a r e  
too  low (by 14.4 per- 
cent) ,  Figure 6(b) 
shows t h a t  accord between 
theory and experiment i s  
much improved; e r ro r s  
a re  general ly  i n  the  
range of 1 t o  2 percent. 
(It might be noted t h a t  
these experimental data  
appear much less pre- 
c i s e  than t h e  r e s u l t s  
f o r  t he  helium-argon 
system i n  r e f ,  8.) 

I n  t h e  hope of 
resolving t h e  ser ious 
discrepancy between t h e  
v i scos i ty  and diffu-  
s i v i t y  data,  thermal 
conduct ivi t ies  of these 
mixtures a t  3 0 0 ° K  were 
measured. A hot-wire 
thermal-conductivity ap- 
paratus w a s  used and 
ca l ibra ted  with helium 
and argon. The con- 
duct iv ' i t ies  of these  
gases were assumed t o  be 
370.9 and 42.42 micro- 
ca lor ies  per centimeter 
per  second per OK, 
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Figure 7. -Thermal conductivity of ammonia-argon mixtures (300' K). 

respectively; these values 
were obtained by consider- 
ing literature data on the 
thermal conductivity and, 
particularly, on the vis- 
cosity of pure helium and 
argon (ref. 23). Data were 
analyzed by using equa- 
tions (3) and (6) after 
correcting the coefficient 
for the diffusion of 
internal energy for the 
resonant exchange of rota- 
tional energy postulated in 
reference 1. The collision 
number Zm was taken as 3 
2.26 to fit the pure am- 
monia datum. An up2er 
limit to the mixture con- 
ductivities was calculated 
by assuming Zm 

Calculations are compared 
with experiment in fig- 
ure 7, where it is seen that 

Ar = w. 3- 

the experimental conductivities are compatible with the viscosity results but 
incompatible with the diffusion coefficients. 
k3-& = 1.4 
the experimental diffusion coefficients (ref. 21) for the ammonia-argon system 
are clearly suspect and should be remeasured. 

As a matter of fact, by assuming 
the experimental data can be fitted almost perfectly. Thus, 

3' 

Hydrogen-Ammonia System 

Diffusion coefficients for this system have been measured (ref. 13); the 

Hydrogen-ammonia diffusion coefficients , c d / s  ec 

25 
55 
85 f p  (55) 

"Calculated. 
bExperimental. 

Hydrogen mole fraction I 

0.7906 0.7830 
.9420 .9426 

1.1038 1.0933 
1.01036 ------ 

.9324 

1.00006 

results were fit by assbing a 
€,ennard-Jones 12-6 potential 
with d = 2.933 angstroms and 
E/k = 142.7O K. 
~ / k  was obtained in ref. 13 
from a fit of the first 
Chapman-Enskog approximation 
to the data over a range of 
temperature; (5 has been de- 
duced by applying an average 
correction for the second 
Kihara approximation to the 
value of d = 2.927 A obtained 
in ref. 13). Comparison of 
hydrogen-ammonia diffusion co- 
efficients at 1 atmosphere is 
shown at the left. 

(The value of 
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Figure 8. - Deviation of experiment from theory for hydrogen-ammonia mixtures. 

The correct ion fac tor  fA2) 

calculated at 5 5 O  C w a s  ap- 
p l i ed  a t  all three  tempera- 
t u r e s .  

Viscos i t ies  and thermal 
conduct ivi t ies  f o r  hydrogen- 
ammonia have been analyzed by 
assuming v i scos i ty  cross  sec- 
t i o n s  t o  f i t  exact ly  the  v i s -  
c o s i t i e s  of pure hydrogen and 
pure ammonia. Parameters 
character iz ing the  unlike i n -  
t e r ac t ion  were taken from the  
combining ru l e s  of r e f e r -  
ence 2 (p .  600, u = 3.022 and 
E / k  = 123O K )  and also from 
di f fus ion  ( u  = 2.931, E / k  = 
142.7' K; the  value of u 
from di f fus ion  has been cor- 
rec ted  according t o  eq. (8)  
with f ( 3 )  = 1.0015). Experi- 

mental v i s c o s i t i e s  of r e f e r -  
ence 2 4  a re  compared with 
theory i n  f igure  8. The 
agreement i s  seen t o  be very 
good, with the  d i f fus ion  
force constants somewhat t o  

'1 

be  preferred.  
monatomic gases i s  qui te  acceptable even f o r  mixtures involving polar gases. 

Thus, i t  appears t h a t  the  rigorous Chapman-Enskog theory f o r  

Thermal conduct ivi t ies  were calculated from equations (3 )  and ( 6 )  with the  
resonant correct ion of reference 1 and by assuming 
perimental value of reference 20 fo r  pure ammonia a t  25.3O C .  
c a l  upper limi-t t o  the thermal conduc-tivities w a s  calculated by assuming 
ZNH3-H~ = 00.  

shown i n  t h i s  f igure  i s  the  modified Eucken type approximation corresponding 
t o  ZNH~ = m .  I n  t h i s  case the  correct ion fo r  i n e l a s t i c  co l l i s ions  i s  qui te  
l a rge  and amounts t o  about 15 percent f o r  pure ammonia. 
s i b l e  t o  draw any f i r m  conclusions concerning the theory from f igure  8. The 
deviations a re  ce r t a in ly  l a r g e r  than expected but  show a la rge  random, r a the r  
than systematic, f luc tua t ion .  The agreement i s  about as good as t h a t  f o r  t he  
hydrogen-nitrogen system ( f i g .  5 ) .  

zp~1-13 = 2 . 1 1  t o  f i t  t he  ex- 
A t heo re t i -  

Calculations a re  compared with experiment i n  f igure  8. Also 

It does not seem pos- 

CONCLUS IOHS 

Experimental t ranspor t  propert ies  of f i v e  selected binary systems have 
been invest igated i n  terms of the b e s t  t heo re t i ca l  formulations present ly  
ava i lab le .  This analysis  leads  t o  the following t en ta t ive  conclusions with 
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regard to theory: 

1. The diffusion coefficients and viscosities of gas mixtures, including 
mixtures with polyatomic and polar molecules, can be very well described in 
terms of the Chapman-Enskog theory, despite the fact that this theory is 
strictly rigorous only for monatomic gases. 

2. There is no reason to doubt the validity of the Chapman-Enskog theory 
for the thermal conductivity of mixtures of monatomic gases; however, none of 
the experimental data are good enough to provide a really definitive test of 
the theory. 

3. There are approfimate methods that take account of the effects of 
internal energy on the heat conductivity of mixtures involving polyatomic and 
polar gases. These formulations seem promising, but again, experimental pre- 
cision is too low to permit a meaningful evaluation of these methods. 

And with regard to experimental data the following conclusions can be drawn: 

1. There is already a large amount of mixture data of modest accuracy and 
precision (i.e., errors larger than 1 to 2 percent). 
of this sort will do little to Wther testing and understanding of theory. 

Further experimentation 

2. The very best determinations of diffusion coefficients and mixture 
viscosities seem good enough to provide really meaningful tests of theory, in- 
cluding the second Chapman-Enskog approximation for diffusion and perhaps vis- 
cosity as well. More data of this quality would be most welcome. 

3. There is an urgent need for thermal conductivity data of high accuracy 
and precision - little or none exists. It is proposed that such data may be 
acquired from precise measurements relative to the noble gases. Accurate con- 
ductivities for the monatomic gases can be computed from the best viscosity 
measurements by means of rigorous kinetic theory. 

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, Septemper 17, 1964 
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